Although studies suggest that the low competence of oocytes from prepubertal animals is due to their insufficient cytoplasmic maturation and that FSH improves oocyte maturation possibly by retarding meiotic progression and allowing more time for cytoplasmic maturation, the mechanisms by which puberty and gonadotropins regulate meiotic progression require additional detailed studies. For the first time, we observed that while meiotic progression was significantly slower, the maturation-promoting factor (MPF) activity of oocytes was significantly higher in prepubertal than in adult mice. To resolve this contradiction, we specified the molecules regulating the MPF activity and their localization during oocyte maturation in prepubertal and adult mice primed with or without gonadotropins. Our tests using corresponding enzyme regulators suggested that while activities of protein kinase A were unaffected, the activity of adenylate cyclase (ADCY) and phosphodiesterase increased while cell division cycle 2 homolog A (CDC2A) decreased significantly after puberty. While most of the adult oocytes had CDC2A protein concentrated in the germinal vesicle (GV) region, the majority of prepubertal oocytes showed no nuclear concentration of CDC2A. Maximally priming mice with equine chorionic gonadotropin brought the above parameters of prepubertal oocytes close to those in adult oocytes. Together, the results suggest that puberty and gonadotropin control oocyte meiotic progression mainly by regulating the ADCY activity and the concentration of the activated MPF toward the GV region. 
Introduction
Puberty is the transition from a sexually immature state to one of full reproductive activity with the production of mature gametes. Puberty in mammals has been considered a variation on the metamorphic scheme in amphibians and insects, and has therefore been an important topic in developmental biology and endocrinology. Studies on puberty-associated changes in bodily form, sexual organs and activities, and endocrinology indicate that puberty is a hormonally controlled reactivation of development leading to sexual maturity and changes in bodily form and physiology (Gilbert 1985) . However, puberty-associated molecular changes within the germ cell are largely unknown.
Although oocytes obtained from prepubertal animals have produced viable offspring after in vitro maturation and IVF (Revel et al. 1995 , O'Brien et al. 1997 , Khatir et al. 1998a , Ptak et al. 1999 , the developmental competence of these embryos was lower than that of embryos produced from adult animals (Seidel et al. 1971 , Pinkert et al. 1989 , Revel et al. 1995 , Damiani et al. 1996 , Khatir et al. 1996 , O'Brien et al. 1996 , Ledda et al. 1997 , Izquierdo et al. 1999 , Wu et al. 2007 . In vitro matured oocytes of prepubertal bovine showed abnormal chromatin microtubule configurations and protein synthesis (Damiani et al. 1996 , Gandolfi et al. 1998 , Khatir et al. 1998b ). In addition, increased parthenogenetic activation and polyspermy have been observed in lamb compared with ewe oocytes (Ledda et al. 1997) . These observations reveal incomplete maturation or cytoplasmic deficiencies of the oocytes obtained from prepubertal animals. However, the causes for the insufficient maturation of prepubertal oocytes are poorly understood.
Increasing evidence demonstrates that oocyte quality depends on the events before germinal vesicle breakdown (GVBD), suggesting that the oocyte must accumulate the appropriate information for meiotic resumption, fertilization, and embryo development before chromosome condensation (Sirard et al. 2007 ). Thus, in vivo, oocytes acquire cytoplasmic maturity after a long series of preparatory processes involving transcription and translation of transcripts during the meiotic prophase (Gosden et al. 1997 , Hyttel et al. 1997 , whereas in vitro, a premature meiotic resumption without adequate cytoplasmic maturation is induced by transfer of oocytes from follicles into culture medium. Therefore, the developmental capacity of in vitro matured oocytes is markedly lower than that of their in vivo matured counterparts (Sirard & Blondin 1996 , Trounson et al. 1998 . It is known that FSH is essential for full maturation of oocytes both in vivo and in vitro (Sirard et al. 2007) , and priming prepubertal animals with gonadotropin improved their oocyte quality significantly (Koeman et al. 2003 , Wu et al. 2007 . Furthermore, FSH retarded oocyte nuclear maturation in vitro, thereby enhancing subsequent developmental competence by allowing more time for cytoplasmic maturation (Armstrong et al. 1991) .
Meiotic progression is regulated by the activity of the maturation-promoting factor (MPF), which is a complex composed of a catalytic cell division cycle 2 homolog A (CDC2A) and the cyclin B regulatory subunit (Han & Conti 2006) . High cAMP levels in the oocyte maintain protein kinase A (PRKA) in an active state, and the activated PRKA maintains the MPF in an inactive state by phosphorylating the CDC25 and WEE1 kinase. Oocytes remain in a GV state as long as the MPF is inactive, and the activation of MPF triggers GVBD. Gonadotropins interact with their receptors on the membrane of granulosa cells or oocytes to activate adenylate cyclase (ADCY; Kolena & Channing 1972 , Hunzicker-Dunn & Birnbaumer 1976 , Olsiewski & Beers 1983 . The hormone-receptor binding causes a conformation change in the receptor, allowing its interaction with the G protein, and thus, the hormonal signal is transduced from the receptor to ADCY to catalyze the transformation of ATP into cAMP (Gilman 1990) .
Therefore, it is deduced that compared with adult oocytes, the prepubertal oocytes would have higher MPF activities and thereby a faster meiotic progression which could explain their insufficient cytoplasmic maturation. However, the MPF activities in calf and lamb oocytes were found to be lower than in cow and ewe oocytes (Ledda et al. 2001 , Salamone et al. 2001 , and nuclear maturation of calf oocytes went slower than that of cow oocytes (Khatir et al. 1998b) . Furthermore, although it was shown that gonadotropins activated ADCY and thereby increased the production of cAMP in granulosa cells (Hamberger et al. 1978 , Lindsey & Channing 1979 , the signaling events between puberty/gonadotropins and the MPF activity have yet to be studied in detail. In this study, a contradictory phenomenon was first observed that the prepubertal mouse oocytes showed a significantly slower meiotic progression while having a much higher MPF activity than adult oocytes. A hypothesis for this contradictory situation was then proposed that the prepubertal oocytes would have a high activity of certain signaling molecules regulating the MPF activity, but the molecule could not function properly due to inappropriate distribution. The hypothesis was finally tested by specifying the molecule in the signaling pathway leading to MPF activation and by examining its localization during oocyte maturation.
Results
Effects of puberty and gonadotropin stimulation on meiotic progression and MPF activities of mouse oocytes During in vitro maturation, meiotic progression of oocytes from unstimulated and 3-IU equine chorionic gonadotropin (eCG)-primed prepubertal mice was similar but was significantly (P!0.05) slower than that of oocytes from the adult and 10-IU eCG-primed prepubertal mice (Fig. 1) . However, lengths of prometaphase I (pMI), metaphase I (MI), and anaphase/ telophase I (A/TI) were similar (PO0.05) among different oocytes. During maturation in vivo, the GV stage of oocytes from 3-IU eCG-primed prepubertal mice (4.3 h) lasted much (P!0.05) longer than that of oocytes from the adult and 10-IU eCG-primed prepubertal mice (3.1 h). Although the time for 3-IU eCG-primed prepubertal oocytes to enter the metaphase II (MII) stage was similar (PO0.05) between in vivo (10.7 h post human chorionic gonadotropin (hCG)) and in vitro (10.4 h of culture), the duration of the GV stage lasted much longer in vivo (4.3 h) than in vitro (1.7 h).
Oocytes maturing in vivo or in vitro were assayed for histone H1 kinase activity when over 70% of them had been found at each stage of maturation. Oocytes at the GV stage were assayed at 46 h post eCG injection. Figure 1 The mean time (h) that an oocyte spent at each stage of nuclear progression during maturation in vitro or in vivo. To observe meiotic progression in vitro, the COCs at the GV stage from prepubertal or adult mice that had been primed with different dosages of eCG were cultured in maturation medium for different times before examination for meiotic progression. To observe meiotic progression in vivo, prepubertal and adult mice were superovulated with 3-or 10-IU eCG followed by 10-IU hCG, and oocytes were collected at different times post hCG injection. The calculation was done according to Sirard et al. (1989) , and was based on data collected at 0, 1, 3, 5, 7, 9, 11, and 13 h after the onset of culture or hCG injection.
were assayed. The histone H1 kinase activity was low at the GV stage (Fig. 2) . During maturation in vitro, histone H1 kinase activities at the pMI, MI, and MII stages were significantly higher in prepubertal than in adult oocytes when mice were unstimulated or stimulated with 3-IU eCG. When mice were primed with 10-IU eCG, however, the kinase activity did not differ between prepubertal and adult oocytes at any maturation stage. Changes in the kinase activity during maturation in vivo followed the same pattern as during maturation in vitro, but overall, it was much higher in vitro than in vivo. Thus, while the in vivo matured oocytes from 3-IU eCG-primed prepubertal mice showed a histone H1 kinase activity of 100%, their in vitro matured counterparts showed a kinase activity of 188% (data not shown). When GV karyoplasts prepared from adult mice 46 h after eCG injection (10 IU/mouse) were electrically fused with in vitro matured oocytes from unstimulated prepubertal or adult mice, the fusion-GVBD interval was significantly shorter in prepubertal oocytes (15.0 G1.0 min, nZ31) than in adult oocytes (19.3G1.0 min, nZ27). When oocytes from unstimulated animals were in vitro matured for 14 h and treated with SrCl 2 for activation, the activation rate of prepubertal oocytes (57.2G5.2, nZ149) was significantly lower than that of adult oocytes (73.9G6.4, nZ104) .
How did the prepubertal mouse oocytes show a significantly slower meiotic progression while having much higher MPF activities than adult oocytes? Our hypothesis for this contradictory situation was that the prepubertal oocytes would have a higher activity of certain signaling molecules regulating the MPF activity, but although activated, the molecule could not function properly due to inappropriate distribution. The following experiments were conducted to test this hypothesis by specifying the signaling molecule and by observing its distribution during oocyte maturation.
Effects of puberty and gonadotropin stimulation on signaling molecules regulating the MPF activity of mouse oocytes
The ADCY activities
To test the ADCY activities, oocytes were cultured for 4 h in maturation medium supplemented with different concentrations of forskolin before examination for GVBD. In unstimulated and 3-IU eCG-primed mice, while 25 mM forskolin prevented GVBD of adult cumulus-oocyte complexes (COCs), the GVBD in prepubertal COCs was not inhibited until forskolin increased to 100 mM (Table 1) . In mice primed with 10-IU eCG, however, the efficient concentration for GVBD inhibition of COCs halved to 12.5 and 50 mM in adult and prepubertal oocytes respectively. Forskolin could not inhibit GVBD of prepubertal denuded oocytes (DOs), but inhibited adult DOs when applied at 200 mM.
Capillary electrophoresis performed on oocytes at the GV stage immediately (within 10 min) after collection from prepubertal or adult mice (Fig. 3A) showed that the relative level of cAMP was significantly higher in adult than in prepubertal oocytes and in COCs than in DOs from unstimulated animals. Gonadotropin stimulation increased the cAMP level significantly in both prepubertal and adult oocytes. Capillary electrophoresis performed on COCs from unstimulated mice at 0 (immediately after oocyte collection), 30, and 60 min of culture in maturation medium ( Fig. 3B ) indicated that while the cAMP level declined significantly prior to GVBD (30 min of culture) in both prepubertal and adult oocytes, the cAMP level of adult oocytes was still significantly higher than that of prepubertal oocytes. The cAMP levels dropped further by 60 min of maturation culture when most of the oocytes underwent GVBD. Together, the results suggest that the ADCY activities differ significantly between prepubertal and adult mouse oocytes. Oocytes collected from mice that had been primed with 0-, 3-or 10-IU eCG were cultured in vitro, and histone H1 kinase activities were assayed separately at the GV, pMI, MI, and MII stages. The histone H1 activity values of in vivo matured oocytes collected 11 h post hCG injection from the 3-IU eCG-primed prepubertal mice were arbitrarily set as 100%, and the other values were expressed relative to this activity. Means without a common letter above their bars differ (P!0.05) within stages of meiotic progression.
Puberty and oocyte meiotic resumption
Activities of the phosphodiesterase
Oocytes were cultured for 4 h in the cultural medium supplemented with different concentrations of phosphodiesterase (PDE) inhibitor hypoxanthine (HX) before GVBD was examined. While 4 mM HX was enough to prevent GVBD of adult COCs, 5 mM HX was needed for GVBD inhibition in prepubertal COCs (Table 1) . When the culture period was extended to 24 h, however, the HX concentration for 90% GVBD inhibition became the same in prepubertal and adult oocytes (5 mM, data not shown). Priming mice with eCG had no effect on the HX concentration needed for efficient GVBD inhibition. Given that the adult oocytes produced much more cAMP through their higher ADCY activities, the result that the same amount of HX was required for GVBD inhibition of both adult and prepubertal oocytes suggested that puberty and gonadotropin stimulation increased oocyte PDE activities.
Activities of PRKA
Oocytes were cultured in maturation medium supplemented with different concentrations of PRKA activator db-cAMP and/or inactivator H-89 before GVBD was examined. When cultured for 4 h with db-cAMP alone, the db-cAMP concentration for efficient GVBD inhibition differed neither between prepubertal and adult nor between eCG-stimulated and eCG-unstimulated mice (Table 1) . However, less db-cAMP was needed for efficient GVBD inhibition of DOs (100 mM) than for COCs (150 mM). When cultured for 4 or 8 h with both H-89 (25 mM) and db-cAMP (150 mM), H-89 could not overcome the GV arrest by db-cAMP (data not shown). When cultured for 24 h, however, H-89 overcame the GVBD inhibition by db-cAMP, but its efficient concentration (25 mM) differed neither between prepubertal and adult nor between eCG-stimulated and eCGunstimulated mice (Table 1 ). The results suggest that activities of PRKA do not differ between prepubertal and adult mouse oocytes.
Synthesis of protein (cyclin B)
Oocytes were cultured for 4 h in medium supplemented with different concentrations of cycloheximide (CHX) and 10 IU/ml eCG before GVBD examination. When mice were not primed with eCG, CHX (100 mg/ml) could not effectively inhibit GVBD of prepubertal or adult COCs (Table 1) . After mice were primed with eCG, however, a low dose (1 mg/ml) of CHX efficiently inhibited GVBD of both prepubertal and adult COCs. CHX failed to prevent GVBD of DOs. The results suggested that CHX could not inhibit oocyte GVBD unless in the presence of eCG-primed cumulus cells.
Activities of CDC2A
Oocytes were cultured for 4 h in medium supplemented with different concentrations of CDC2A inhibitor roscovitine (ROS) before GVBD was examined. In unstimulated and 3-IU eCG-primed mice, while 50 mM ROS prevented GVBD of adult COCs, GVBD in prepubertal COCs was not inhibited until the ROS dose increased to 100 mM (Table 1) . In mice stimulated with 10-IU eCG, however, the efficient concentration for GVBD inhibition decreased to 25 mM in both adult and prepubertal COCs. The result suggested that CDC2A activities decreased significantly after puberty or eCG stimulation. Oocytes were cultured in the presence of both CXH and 10 IU/ml eCG.
Effects of puberty and eCG stimulation on the distribution of CDC2A protein in mouse oocytes prior to meiotic resumption Since the above results suggested that the activities of CDC2A differed significantly between prepubertal and adult oocytes, and CDC2A is known to be the molecule that directly determines the MPF activity, we observed its distribution in different mouse oocytes prior to meiotic resumption. Oocytes collected from prepubertal or adult mice that had been primed with or without eCG were immediately labeled with anti-CDC2A antibodies and observed under a laser confocal microscope. Oocytes were classified into those with (Fig. 4A-C ) and those without (Fig. 4D-F) nuclear concentration of the CDC2A protein. In unstimulated mice, while the majority (over 70%) of the adult oocytes showed nuclear concentration of CDC2A protein, most (over 80%) of the prepubertal oocytes showed no CDC2A protein in the GV region (Table 2) . A negligible number (!2%) of the meiotically incompetent oocytes obtained from mice on day 10 after birth showed CDC2A concentration in the nucleus. Priming mice with eCG facilitated CDC2A translocation to the GV in both prepubertal and adult oocytes.
The in vivo maturing oocytes collected 2.5 h post hCG from superovulated mice showed a percentage of CDC2A nuclear concentration similar to that in fullygrown oocytes from eCG-primed mice, indicating that the delayed GVBD during in vivo compared to in vitro maturation was not due to a delayed translocation of CDC2A into the nucleus but might be controlled by other mechanisms. To further substantiate our conclusion that the slow meiotic progression of prepubertal oocytes was due to their delayed localization of CDC2A in the GV, GV karyoplasts prepared from unstimulated prepubertal or adult mouse oocytes were electrically fused with in vitro matured adult mouse oocytes, and the fusion-GVBD interval was compared. The results showed that the interval was significantly longer in prepubertal oocytes (21.4G0.8 min, nZ26) than in adult oocytes (17.7G0.9, nZ30), indicating that the GV of prepubertal mouse oocytes indeed contained less CDC2A protein than that of the adult mouse oocytes.
Discussion
In this study, while meiotic progression was significantly slower in prepubertal than in adult mouse oocytes, assay for histone H1 kinase activity and tests for GVBD-inducing efficiency and susceptibility to activating stimuli all unequivocally showed that the MPF activity of prepubertal oocytes was significantly higher than that of adult oocytes. Furthermore, analyses for the activities of ADCY and CDC2A also suggested that prepubertal oocytes had higher MPF activities than the adult oocytes. The nuclear maturation of calf oocytes also went slower than that of cow oocytes (Khatir et al. 1998b) . However, the MPF activities in calf and lamb oocytes were significantly lower than in cow and ewe oocytes (Ledda et al. 2001 , Salamone et al. 2001 . The meiotically incompetent mouse oocytes obtained 10-12 days after birth showed low concentrations of CDC2A, but the amount of CDC2A increased with the acquisition of meiotic competence 20 days after birth (Mitra & Schultz 1996 , de Vant'ery et al. 1996 . The prepubertal mouse oocytes used in this study were recovered 21 days after birth, and the calf and lamb oocytes used in their studies were all of meiotic competence (Ledda et al. 2001 , Salamone et al. 2001 . Therefore, the difference in MPF activities between prepubertal mouse and calf/lamb oocytes might suggest a species difference in the mechanisms by which oocytes acquire meiotic competence. It also questions whether the MPF activity can be used as a marker for ooplasmic maturation or developmental potential of oocytes and whether it is representative to use prepubertal mouse oocytes for some studies.
Although difference in MPF activities has been observed between prepubertal and adult animal oocytes, the specific steps that puberty or gonadotropin regulate in the signaling pathways leading to oocyte meiotic resumption have yet to be specified. In this study, the effects of puberty and gonadotropins on the major signaling events controlling oocyte meiotic resumption were tentatively determined by testing the activities of the related enzymes using corresponding enzyme regulators. The results suggested that while the activity of PRKA was unaffected, the activity of ADCY and PDE increased while that of CDC2A decreased significantly after puberty or eCG stimulation. While meiotic resumption was prevented when oocytes from domestic animals including pigs were cultured in the presence of protein synthesis inhibitors, oocytes from mice underwent GVBD in the presence of such inhibitors (Fulka et al. 1986 ). The present study demonstrated that although GVBD occurred when mouse GV oocytes were cultured in the presence of CHX alone (data not shown), it was prevented in the presence of both CHX and eCG. A study has been conducted recently in this laboratory to explore the mechanism by which eCG enables GVBD inhibition by CHX, and it showed that 1) cyclin B decreased when mouse GV oocytes were cultured in the presence of CHX and 2) eCG stimulated cumulus cells to produce cAMP, which maintained meiotic arrest for a period enough for the already existing cyclin B to break down and thus enabled CHX to inhibit GVBD by preventing synthesis of new cyclin B (D Han, XY Liu, B Liang, N He, WQ Gao & JH Tan, unpublished data). Therefore, although direct measurement of cyclin B synthesis was not conducted in the present study, the results suggest that CHX maintains meiotic arrest of mouse oocytes by inhibiting cyclin B synthesis.
In agreement with the present results, treatment of immature rats with eCG increased both cAMP levels and PDE activities in ovarian homogenates (Wang et al. 2007) , and gonadotropin stimulation caused the activation of PDE via an increase in cAMP in cultured Sertoli (Conti et al. 1982 ) and granulosa cells (Conti et al. 1984) . Further studies demonstrated that TSH quickly activated the cAMP-specific PDE in the thyroid cells through a phosphorylation mediated by the catalytic subunit of PRKA (Sette et al. 1994) . A loop of gonadotropin/ increased cAMP/activated PRKA/activated PDE/ decreased cAMP has been involved in the refractoriness of the Sertoli cells to a second FSH stimulation (Conti et al. 1983) . The same loop would also help to explain the elevated PDE activities in the adult compared to prepubertal mouse oocytes and to explain why the same amount of db-cAMP was needed for the inhibition of GVBD in both adult and prepubertal oocytes even though the former contained much more cAMP than the latter. Unlike cAMP, its lipophilic analog db-cAMP is not hydrolyzed by PDE (Kaukel & Hilz 1972) . In smooth muscle cells, treatment with db-cAMP significantly increased PDE activities (Rose et al. 1997 , Tilley & Maurice 2002 . Values without a common letter in their superscripts in the same column differ (P!0.05).
*
In vivo maturing oocytes collected from superovulated mice 2.5 h post hCG injection.
Using doses of db-cAMP which override the difference in the natural cAMP level between prepubertal and adult oocytes, we demonstrated that these two groups of oocytes had a similar PRKA activity. However, the CDC2A activity was lower in adult than in prepubertal mouse oocytes. Activities of PDE3 in rat oocytes increased significantly in vitro prior to meiotic resumption, but returned to the basal level at the peak of GVBD (Richard et al. 2001) . In this study, while cAMP levels declined significantly prior to GVBD in both prepubertal and adult oocytes, the cAMP level of adult was still higher than that of prepubertal oocytes. This suggested that although both ADCY and PDE activities were higher in adult than prepubertal oocytes, the elevated PDE activities could not hydrolyze as much as cAMP produced by elevated ADCY activities in adult oocytes. The remaining higher level of cAMP, by activating PRKA as well as inhibiting cyclin B synthesis (Josefsberg et al. 2003) , would inactivate more CDC2A in adult than prepubertal oocytes. Although an active PRKA prevents meiotic resumption in both fully-grown and growing rat oocytes, PRKA in the growing oocytes is activated at relatively low cAMP concentrations, while its activation in fully-grown oocytes is maintained at high levels of cAMP (Goren et al. 1994 , Kovo et al. 2006 . Thus, while a fall in intra-oocyte cAMP levels inactivates PRKA of fully-grown oocytes leading to meiotic resumption, a similar reduction in intra-oocyte cAMP concentrations in growing, meiotically incompetent oocytes does not result in resumption of meiosis. Therefore, the present results that cAMP levels declined sharply prior to GVBD in both prepubertal and adult oocytes suggest that the PRKA of these two groups of oocytes has a similar sensitivity to cAMP.
To investigate the contradiction between the slow meiotic progression and the high MPF activity observed in prepubertal mouse oocytes, we examined the distribution of the CDC2A kinase in mouse oocytes at the GV stage. While most of the adult oocytes showed CDC2A protein concentrated in the GV region, most of the prepubertal oocytes showed no nuclear concentration of CDC2A protein. When GV karyoplasts from unstimulated prepubertal or adult mouse oocytes were electrically fused with in vitro matured adult mouse oocytes, the fusion-GVBD interval was significantly longer in prepubertal oocytes than in adult oocytes, indicating that the GV of prepubertal mouse oocytes indeed contained less CDC2A protein than that of the adult mouse oocytes. Mitra & Schultz (1996) reported an increase in the nuclear concentration of both CDC2A and cyclin B proteins in adult mouse oocytes compared to the meiotically incompetent oocytes obtained from 10-day-old prepubertal mice. We also observed no nuclear concentration of CDC2A protein in meiotically incompetent mouse oocytes. This suggests that the translocation of MPF activities toward the nucleus is a continuous process that occurs not only during but also after oocytes' acquisition of meiotic competence. It also suggests that the resumption of meiosis in mouse oocytes requires not only activation but also concentration of the activated MPF in the GV region. Whether the slow meiotic progression in calf oocytes (Khatir et al. 1998b ) was due to a failure to activate enough MPF or delayed CDC2A translocation needs investigation. In somatic cells, the active cyclin B1-CDC2A complex must translocate to the nucleus to begin phosphorylating nuclear substrates at the G 2 /M transition (Takizawa & Morgan 2000 , Porter & Donoghue 2003 . Moreover, in starfish oocytes, CDC2A-cyclin B complex is indeed activated in the cytoplasm prior to its translocation to the nucleus (Ookata et al. 1992) . However, it is also possible that activation of MPF is slower in prepubertal mouse oocytes before GVBD but reaches higher levels at the MI or MII stage when compared with those in adult mouse oocytes. To test this possibility, GV oocytes from unstimulated prepubertal and adult mice were cultured in maturation medium for 45 min or 1 h before assayed for MPF activities. The results indicated that MPF activities differed between prepubertal and adult oocytes neither at 45 min (49.5G2.7 vs 46.5G1.3%), when all of the oocytes were at the GV stage, nor at 1 h of culture (51.0G2.0 vs 52.1G1.9%), when 70% of the prepubertal oocytes were at the GV stage while 70% of the adult oocytes were already in the pMI stage. Together with the result that MPF activity became higher immediately after GVBD in prepubertal than in adult mice, this ruled out the possibility that a delayed MPF activation before GVBD had led to the slow meiotic progression in prepubertal mouse oocytes compared to that in adult mouse oocytes.
In this study, maximally priming mice with eCG quickened the meiotic progression of the prepubertal oocytes by promoting translocation of the MPF activities to the nucleus, while they reduced their MPF activities by increasing the ADCY activity to approach the level in adult oocytes. The hormonal basis of puberty is thought to be very similar to that of metamorphosis (Gilbert 1985) . Thus, while the metamorphosis of both amphibians and insects is regulated by hormonal changes that are initiated by TSH-RH and prothoracicotropic hormone from the brain, the changes associated with human puberty are initiated by GNRH from the hypothalamus of the brain. According to Grumbach et al. (1974) , before puberty, the child secretes a small amount of GNRH, so that the circulating LH and FSH are very small. Therefore, the gonad remains immature and secretes little estrogen or testosterone. Furthermore, the hypothalamus is highly sensitive to these sex hormones at this time and turns off GNRH production when circulating sex hormones get above their very low levels. At the onset of puberty, the hypothalamus becomes less responsive to the negative feedback of sex hormones, and thus secretes more GNRH, ultimately inducing further differentiation of gonads and the release of more sex hormones. The present results suggest that like those changes in bodily form and physiology, the puberty-associated changes in the molecular events controlling meiotic progression are also controlled by gonadotropins.
In view of the important role of cumulus cells in oocyte maturation (Tanghe et al. 2002) , we observed the effect of cumulus cells on the signaling events regulating meiotic resumption of prepubertal and adult mouse oocytes. The results suggested that the ADCY activities in cumulus cells participated in the maintenance of oocyte meiotic arrest by producing cAMP, and this was stimulated by both puberty and gonadotropins. The cAMP could be produced either by the oocyte or by cumulus cells. One long-standing hypothesis is that cAMP is produced by follicle cells, and diffuses through gap junctions to the oocyte (Bornslaeger & Schultz 1985 , Dekel 1988 , Webb et al. 2002 . However, several lines of evidence support the hypothesis that the oocyte produces its own cAMP through a G-protein-linked receptor in the oocyte plasma membrane that stimulates G s and, subsequently, ADCY (Olsiewski & Beers 1983 , Urner et al. 1983 , Downs et al. 1992 , Mehlmann 2005 .
In summary, we have studied the effects of puberty as well as gonadotropins on meiotic progression and some of the molecular events controlling meiotic resumption of oocytes. While oocyte meiotic progression was significantly slower in prepubertal than in adult mice, the MPF activity of prepubertal oocytes was significantly higher than that of adult oocytes. Our experiments using corresponding regulators suggested that while oocyte activities of PRKA were unaffected, the activities of ADCY and PDE increased while that of CDC2A decreased significantly after puberty. While most of the adult oocytes had CDC2A protein concentrated in the GV region, the majority of prepubertal oocytes showed no nuclear concentration of CDC2A. Maximally priming a mouse with eCG brought these parameters of prepubertal oocytes close to those in adult oocytes. Taken together, this study suggests that puberty controls oocyte meiotic progression mainly via gonadotropins, which stimulate the ADCY activities and the concentration of the activated MPF toward the GV region. Puberty-associated molecular changes are important subjects in developmental biology and endocrinology, and knowledge of the efficient mechanisms and the downstream cascades of the key molecules controlling oocyte maturation may lead to improvement of the present oocyte culture systems and gamete biotechnology.
Materials and Methods
All chemicals and reagents used in this study were purchased from Sigma Chemical Company unless otherwise specified.
Oocyte recovery
Mice of the Kunming breed were kept in a room with 14 h light:10 h darkness cycles, with the dark cycle starting at 2000 h. The prepubertal mice were used for experiments 21-22 days after birth, while adult mice were used 6-8 weeks after birth. The animals were handled by the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University.
Fully-grown oocytes at the GV stage
Prepubertal or adult female mice were killed at 46 h after injection of eCG (0, 3, or 10 IU/mouse), and the large follicles on the ovary were punctured in M2 medium to release COCs. Only COCs with more than three layers of unexpanded cumulus cells and containing oocytes O75 mm in diameter with a homogenous cytoplasm were selected. To prepare cumulus-DOs, some COCs were freed of cumulus cells by pipetting with a thin pipette.
In vivo maturing oocytes
Prepubertal and adult female mice were induced to superovulate with different doses of eCG followed 48 h later by hCG (10 IU/mouse). Both eCG and hCG were obtained from Ningbo Hormone Product Co. Ltd, Cixi City, People's Republic of China. The superovulated mice were killed, and ovarian follicles were broken to release COCs at different times after hCG injection.
In vitro culture of oocytes
The COCs and DOs at the GV stage were cultured for different times in drops of 100 ml medium (20-25 oocytes/drop), covered with mineral oil, at 37 8C under 5% CO 2 in humidified air. Oocytes for inhibition treatment were cultured in maturation medium supplemented with different drugs, while the oocytes for maturation were cultured in the maturation medium alone. The maturation medium was TCM-199 (Gibco) supplemented with 24.2 mg/l sodium pyruvate and 3 mg/ml BSA. Forskolin, ROS, db-cAMP, CHX, and H-89 were prepared as stock solutions and stored in aliquots at K20 8C until use. HX was dissolved in maturation medium immediately before use.
Assessment of meiotic progression
Cumulus-free oocytes were mounted on glass slides and fixed in ethanol:acetic acid (3:1, v/v) for at least 24 h. Oocytes were stained in 1% aceto-orcein and examined under a phasecontrast microscope. Meiotic progression was classified into the GV, pMI, MI, A/TI, and MII stages.
Histone H1 kinase assay
Thirty cumulus-free oocytes from each treatment were washed with histone kinase buffer, transferred to 10 ml histone kinase buffer in a 1.5 ml microfuge tube, and frozen-stored at K80 8C (Wu et al. 1997) . The frozen samples were subjected to four to five times freezing and thawing to prepare lysates. Then, 10 ml of substrate buffer containing 2 mg/ml histone H1, 2 mM dithiothreitol, and 20 mCi/ml [g-32 P] ATP were added to each sample, and the reactions were carried out for 50 min at 36 8C. Finally, an equal volume of double-strength SDS sample buffer containing b-mercaptoethanol was added, and the mixture was boiled for 3-5 min. Kinase reaction products were separated by 12% linear gradient SDS-PAGE. Gels were exposed to phosphor screens. Data acquisition was the actual scanning of sample images with the Cyclone Plus Storage Phosphor System to create an image file that can be analyzed by the OptiQuant Image Analysis Software. The histone H1 kinase activity values of in vivo matured oocytes collected 11 h after hCG injection from mice superovulated with eCG (3 IU/mouse) were arbitrarily set as 100%, and the other values were expressed relative to this activity.
Fusion between GV karyoplast and MII oocyte
Micromanipulation was conducted under a Leica inverted microscope equipped with differential interference contrast and a piezo-driven injection pipette. Cumulus-denuded GV oocytes were manipulated in a droplet of HCZB medium containing 5 mg/ml cytochalasin B and 0.2 mM IBMX to obtain karyoplasts containing intact GV. Then, the MII oocytes were transferred to the same droplet, and a karyoplast was inserted into the perivitelline space of each MII oocyte. The karyoplast-oocyte complexes were then fused electrically using an electrofusion instrument with two microelectrodes (BEXLF201; Nepa Gene Co. Ltd, Shioyaki Ichikawa Chiba, Japan). Fusion and GVBD were observed under a microscope soon after pulsing.
Oocyte activation
Cumulus-free oocytes were incubated in Ca 2C -free CZB supplemented with 10 mM SrCl 2 for 2 h, followed by a 4-h culture in Ca 2C -free CZB without SrCl 2 at 37 8C in 5% CO 2 in humidified air. At the end of treatment, oocytes were examined for activation. Only the oocytes showing well-developed pronuclei were considered activated.
Capillary electrophoresis for cAMP measurement
Capillary electrophoresis was performed on a P/ACE-MDQ system (Beckman Coulter, Fullerton, CA, USA). The samples were analyzed in an electrolyte consisting of 20 mM glycylglycine solutions with 20 mM boron (pH 8.4). Sample separation was run for 20 min at 20 8C with an applied voltage of 20 kV positively. Analytes were detected by an excitation wavelength of 214 nm. Before sample runs or between two samples run, the capillary was thoroughly rinsed. Pure cAMP was first detected to determine the migration time. Oocytes were washed with electrolyte, transferred to a 1.5 ml microfuge tube at a density of 4 oocytes/ml electrolyte, and frozen-stored at K80 8C. The frozen samples were subjected to four times freezing and thawing to prepare lysates. The cAMP level of COCs from unstimulated prepubertal mice was arbitrarily set as 1, and the other values were expressed relative to this level.
CDC2A staining and laser-scanning confocal microscopy
Zona-free oocytes were 1) fixed with 3.7% paraformaldehyde overnight at 4 8C; 2) incubated in 0.1% BSA and 0.01% Tween-20 in PBS (blocking solution) for 15 min; 3) incubated for 1.5 h in the blocking solution containing the anti-CDC2A antibodies (a mouse MAB from Santa Cruz Biotechnology) at a dilution of 1:50; 4) incubated for 60 min in the dark in blocking solution containing the sheep anti-mouse IgG-FITC antibodies at a dilution of 1:100; 5) stained with Hoechst 33 342; 6) mounted and observed with a Leica confocal microscope. In each experiment, negative control samples in which the primary antibody was omitted were also evaluated.
Data analysis
There were at least three replicates for each treatment. Percentage data were arc-sine transformed and analyzed with ANOVA; a Duncan multiple comparison test was used to locate differences. The software used was Statistics Package for Social Science (SPSS 11.5, Chicago, IL, USA). Data were expressed as meanGS.E.M., and P!0.05 was considered significant. 
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